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Abstract 

Five years have passed since the first collisions of Au nuclei at the Relativistic Heavy Ion Collider (RHIC) at 
Brookhaven National Laboratory (BNL) on Long Island. With nucleon-nucleon center-of-mass energies of up to 
y / sjvjv = 200 GeV RHIC provides the highest energy heavy ion collisions at any existing collider. To study the 
dynamics of nuclear matter at extreme temperatures and pressures hundreds of produced particles need to be 
tracked and identified, which provides a sizable challenge to the four experiments. This article tries to summarize 
these first years of RHIC operation from the detector point of view and give a glimpse at the future of the 
accelerator and its experiments. 
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1. Introduction 

The history of RHIC and its experiments goes 
back to the early 1980's and is summarized e.g. in 
[1]. After an initial engineering run in 1999 cool- 
down of the two 3.8 km long cryostats containing 
about 1000 super-conducting magnets started in 
February 2000 and operation with gold beams, de- 
livered by the injection chain consisting of Tandem, 
Booster, and AGS, started in April. First collisions 
in all four experiments were observed during June 
2000 and a luminosity of C — 2 x 10 25 em~ 2 s _1 
(10% of design) has been achieved. 

Since then a total of five runs have produced bil- 
lions of events, peta-bytes (PB) of data, 0.5 PB 
for the 2004/2005 PHENIX dataset alone, at var- 
ious beam energies and collision species of up to 
twice the design luminosity, see Table 1, resulting 
in 122 articles in peer-reviewed journals and 103 
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PhD thesis to-date. A comprehensive summary of 
the physics results from the four experiments cov- 
ering the first three years is available in [2] . 



2. The RHIC complex 

Figure 1 shows the layout of RHIC for Au run- 
ning [3]. Ions from the Tandem are accelerated 
in the Booster then collected and bunched in the 
AGS and injected into the two separate 3.8 km 
long RHIC rings. Protons for the polarized proton 
program are injected from a Linac, middle-left on 
Fig.l. A complete overview of the RHIC accelera- 
tor complex can be found in [4] . 

Already in the second year of operation RHIC 
achieved design luminosity, but with the draw- 
back of high backgrounds and short times in store 
mainly due to intra beam scattering. A better 
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Fig. 1. The RHIC complex for Au collisions [3]. 



vacuum in the beam pipes, especially the warm 
sections, was achieved by bake-out and NEG coat- 
ing. The use of Storage RF and collimators have 
further improved the beam quality. However the 
experiments were still suffering from the back- 
ground levels, specially during the beginning of 
each store. This made the operation of some wire 
chambers impossible, e.g. the muon chambers in- 
stalled in PHENIX suffered from rates 100 times 
higher than was estimated from collisions and 
expected beam background. Therefore, extensive 
shielding had to be installed in the tunnel close to 
the interaction regions. Measurements close to the 
beam-pipe at the PHOBOS experiment indicate 
an average dose of 1 kRad/year [5]. 

Details about the RHIC performance of the last 
years can be found in Table 1 , the RHIC run sum- 
mary web page [6] , and in the proceedings of re- 
cent (European) Particle Accelerator Conferences 
(PAC, EPAC) [7,8]. 



3. The Experiments 

Before data from the RHIC experiments were 
available, models predicted the charged particle 
multiplicity at mid-rapidity to be between 600 - 
1400 particles. Consequently the experiments were 
designed to cope with the highest multiplicities 
predicted. 

Comparing the first results, see Fig. 2, presented 
at the Quark Matter Conference 2001 with model 
predictions at that time [9] revealed that the mea- 
sured multiplicity was at the low end of the spec- 
trum. This not only aided the RHIC experiments 
but made it feasible for the LHC p-p experiments 
to participate in the heavy ion program, where up 
to 8000 charged particles are expected. 

Figure 3 shows a set of charged particle multi- 
plicity measurements for three different collision 
systems, four energies and multiple collision cen- 
tralities [10]. These RHIC data combined with SPS 
measurements extrapolate to a LHC Pb-Pb mul- 
tiplicity of around 1000 - 2000 at mid-rapidity. 
How the LHC experiment CMS is preparing for the 
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Table 1 

RHIC operating modes and total integrated luminosity delivered to the experiments [6] 
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Fig. 2. Beams eye view of a central event in the STAR Time Projection Chamber. This event was drawn by the STAR 
level-3 online display. 
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Fig. 3. Charged hadron pscudorapidity distributions for different collisions centralities (see text) for Au-Au collisions at 
^/sjvjv = 19.6, 62.4, 130 and 200 GeV (top row from left to right), Cu-Cu at 62.4 and 200 GeV (middle row, preliminary) 
and d-Au at 200 GeV (bottom row) [10]. 



heavy ion program can be found in [11]. 

Heavy ions are extended objects and their colli- 
sions is not always head-on, the degree of geomet- 
rical overlap, or centrality, is described by the im- 
pact parameter, b, or perpendicular distance to the 
closest approach if the ions were undeflected. Zero 
degree calorimeters (ZDC) [12,13] have been in- 
stalled in all experiments to provide a collision and 
vertex location trigger as well as a measure of the 
collision centrality by the energy deposited from 
the forward going spectator neutrons. A complete 
geometrical overlap of the ions, b w 0, is called a 
central or large centrality event resulting in e.g. 
a high charged particle multiplicity and very few 
or none forward going neutrons. The ZDCs also 
provide feedback to the accelerator operators for 
steering and to estimate the delivered luminosity. 
In addition to the ZDCs all experiments have col- 
lision triggers installed, usually quartz Chcrcnkov 
or Scintillator detectors, which provide a trigger 



for the vertex location, in the cm range, and a 
start time for drift or time-of-flight (TOF) mea- 
surements. 

Four experiments are participating in the heavy 
ion program at RHIC: 

Broad Range Hadron Magnetic Spectrometer 
(BRAHMS) [14]. 

The collaboration consists of 56 physicists from 
12 institutions in 5 countries. The experiment is a 
small acceptance spectrometer consisting of a set of 
global detectors for event characterization and two 
spectrometer arms designed to identify hadrons 
over a wide range in rapidity and momentum. The 
two arms are used to cover the mid-rapidity range 
(MRS 6.5 msr) where the particle momentum is 
in the few hundred MeV/c range, and a movable 
(30 < < 90) forward arm (FS 0.8 msr) which can 
identify particles up to 30 GcV/c. 

The particle identification (PID) is performed 
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with standard spectrometer components like 
Timc-of-Flight (TOF), threshold and ring-imaging 
Cherenkov detectors and tracking devices like drift 
(DC) and time-projection (TPC) chambers. The 
TPCs arc of standard design with 21.8 cm drift 
(229 V/cm) using Ar/C0 2 (90:10) and STAR 
front-cnd-clectronics (FEE). The DCs have 10 
layers with x, y, and ±18° wire planes using a 
Ar /C4H10 (67:33) gas mixture with a 9°C alcohol 
bubbler. Due to the low track density of 0.01 to 0.1 
cm a simple 'follow-your-nose' algorithm is used 
for tracking. This is a simple approach in which 
a hypothesis or previously determined points are 
used to predict where the next measured point on 
the track should be. 

The compact size of the detectors are ideal for 
construction and maintenance. In one of the ear- 
lier runs a field wire in the TPC broke, but being 
< 0.2m 3 in size they can easily be extracted and 
repaired in the lab. None of the tracking chambers 
as shown any aging effects. 

Pioneering High Energy Interaction Experiment 
(PHENIX) [15]. 

The collaboration consists of 498 physicists from 
62 institutions in 13 countries. The experiments 
was designed to measure mainly electrons, muons, 
and photons, with a good hadron PID at mid- 
rapidity. It has two distinct detector sections. At 
mid-rapidity two arms with tracking, PID and 
calorimetry measures hadrons, leptons and pho- 
tons, whereas in the forwards directions muons 
are identified and tracked. 

The muon tracking system [16] uses three layers 
of cathode strip chambers inside the muon mag- 
nets and 6 layers of Iarocci drift tubes interleaved 
with several inches of steel. These chambers suf- 
fered the most from high beam background but no 
aging effects were observed. Because they are lo- 
cated inside the magnetic field the strip chambers 
include an optical alignment system [17]. 

The mid-rapidity arms [18] feature, apart from 
PID detectors, three types of wire chambers, 
a jet-type drift- (DC), 2(3) layers of pad- and 
6 layers of time-expansion/transition radiation- 
(TEC/TRD) chambers. Early on HV instabilities 
required the addition of an alcohol bubbler (0°C) 
to the DC gas of Ar/C 2 H 6 (50:50). The TEC/TRD 



(Xe/He/CH4 45:45:10) shows a slight decrease in 
gain over the past few years which could be a sign 
of material induced aging or deposits on the field 
wires. 

In 2005 the multiplicity-vertex detector (MVD) 
[19], a silicon strip (barrel) and pad (end-cap) de- 
tector, was removed from the setup because noise 
induced fluctuations in the pedestal values made 
reliable physics measurements impossible. It will 
be replaced in the coming future by a multi-layer 
vertex tracking detector [20] . 

PHOBOS [21]. The collaboration consists of 68 
physicists from 8 institutions in 3 countries. The 
name of the experiment is not an abbreviation, it 
was chosen from the name of one of the moons of 
Mars, which was the first name of the experiment. 

Its goal was to study particle production down 
to very low pt, 10 MeV/c for detectable and 
30 MeV/c for momentum analyzed, over a large 
phase space. Four subsystems make up the ex- 
periment, see Fig. 4 a multiplicity array, a vertex 
detector, a two arm magnetic spectrometer includ- 
ing TOF, and several trigger detectors which also 
determine the centrality of the collision. Three of 
those consists of silicon pad arrays with a total 
9 different silicon wafers with varying pad sizes. 
Details about these can be found in [21] and in- 
formation about tracking and vertex algorithms 
used in [22,23]. After another very successful run 
PHOBOS was shutdown in 2005. 

Solenoidal Tracker at RHIC (STAR) [24]. The 
collaboration consists of 616 physicists from 52 in- 
stitutions in 12 countries, This experiment excels 
in measuring hadron production over a large solid 
angle. It features detector systems for high pre- 
cision tracking, momentum analysis, and particle 
identification at center-of-mass rapidity. The cen- 
terpiece is the large TPC (Ar/CH 4 90:10) with 
its two 210 cm drift regions (|?7| < 1.8) for track- 
ing and PID together with a 3 layer silicon vertex 
tracker (SVT) , a single layer silicon strip detector 
(SSD) and electromagnetic calorimetry around 
the TPC. Tracking of the around 2000 charged 
particles per central event in the TPC is performed 
by a Kalman Filter and Hough transform which 
points the tracks back to the SVT/SSD. Smaller 
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Fig. 4. Layout of the PHOBOS experiment in 2003, the top part of the magnet around the collision point is removed for 
clarity. 



angles, 6 = 2° — 9°, are covered by two small 
forward-TPCs (Ar/C0 2 50:50, 23 cm drift, 240- 
1400 V/cm) with radial drift. Not only is the large 
volume of the TPC very sensitive to beam induced 
background, but the high collision rate at the large 
luminosities have introduced space charge prob- 
lems as described in [25] . Over the years the SVT 
has suffered problems with a reset to its front-end 
electronics (FEE) crates which eliminated it from 
the data-stream for some fraction of events. 

All experiments have performed beyond their ex- 
pectations despite startup problems in the early 
runs. No beam induced aging has been observed 
in any of the tracking devices, most problems were 
related to the FEE. Small improvements and ad- 
ditions were made over the years, but more sub- 
stantial upgrades are necessary to deal with future 
machine improvements. 



4. Upgrades 

The quest to understand the new form of matter 
created in these nucleus collisions demand higher 
luminosities, which can be achieved by more nu- 
merous and smaller bunches, faster data acquisi- 
tion (DAQ) rates, and new specialized detector sys- 
tems. Beyond 2008 RHIC will also compete with 
the heavy ion program at the LHC and needs to 
exploit its unique spin physics program. Accelera- 
tor and detector upgrades are being proposed and 
built to keep RHIC and its experiments on the lead- 
ing edge. A complete summary can be found in the 
reviews, white-papers and decadal plans in [30]. 

4.1. RHIC upgrades 

In the near future RHIC will upgrade its aging 
Tandem Van-de-Graaffs with an Electron Beam 
Ion Source (EBIS) [26] . This source and linac based 
pre-injector can produce all ion species up to ura- 
nium, including noble gases and polarized He 3 and 
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switch from one species to another within seconds 
to provide RHIC and the NASA Space Radiation 
Laboratory (NSRL) at BNL with a variety of ion 
species. EBIS can go into operation around 2009. 

Currently intra-beam scattering limits the size 
and intensity of RHIC bunches. To achieve the 
planned upgrade to 40x design luminosity of 
RHIC-II electron cooling is needed. Electron cool- 
ing of a 100 GeV Au beam with about 10 9 ions 
per bunch would require a 54 MeV electron beam 
of 100-200 mA current [27]. Prototype designs are 
underway for the required 26 m long, 2-5 T super- 
conduction solenoid magnets, which require 10~ 5 
field precision. 

A high energy, high luminosity polarized 
electron-ion collider could study the fundamental 
structure of matter using deep inelastic scattering, 
RHIC provides already the ion part, so a eRHIC 
ZDR [28] has been prepared which considers vari- 
ous aspects of the accelerator design. The main de- 
sign being a 5-10 GeV polarized electron (10 GeV 
positron) beam circulating in a storage ring which 
incepts the ion or polarized proton beam of RHIC 
in one interaction region. The expected lumi- 
nosities for 10 GeV e on 250 GeV p are C = 
10 32 - 10 33 cm- 2 s- 1 and C = 10 30 - lO^cra"^" 1 
for the 10 GeV e on 100 GeV ion beams. 70% po- 
larization, transverse and longitudinal, is expected 
for the lepton and proton beams. 

4.2. Experimental upgrades 

The RHIC baseline program will come to a close 
in a few years with the completion of PHOBOS 
(2005) and later BRAHMS. To enhance their de- 
tector capabilities over the coming years PHENIX 
and STAR have developed R&D programs to cover 
the following main physics goals [29] : 
- Study of quark-gluon matter at high tempera- 
tures with AA, pA and pp collisions: 

• Jet tomography, including identified hadrons 
in the pr range 3-10 GeV/c, hadron-jet and 
7 — jet correlations, as well as flavor tagging. 

• Thermal radiation and effects of chiral symme- 
try restoration in the electron-pair continuum, 
in particular at low masses (< 1 GeV/c 2 ). 

■ Production of mesons with open charm and 



beauty. 

• Quarkonia spectroscopy with J/ip, ip', Xc, 
T(ls), T(2s), T(3s). 

- The extended exploration of the spin structure 
of the nucleon: 

• Gluon spin structure (AG/G) with heavy 
flavour and 7 — jet correlations. 

• Quark spin structure (Aq/q) with W- 
production. 

• Transvcrsity with jets. 

- Exploration of the nucleon structure in nuclei: 
A-, Pt~, x-dependence of the parton structure of 
nuclei. 

Table 2 puts the upgrade plans into perspective 
with the physics goals they cover and indicates 
their time- frame and references. 

A Hadron Blind Detector (HBD) will be in- 
stalled close to the collision point inside the 
PHENIX central magnet. Its a windowless 
Cherenkov detector with CF4 as the radiator and 
chamber gas. The readout consists of a triple GEM 
chamber with a Csl coating on the top layer and 
pad read-out, see Fig. 5. The pad size is slightly 
smaller than the blob size expected from a passing 
hadron, resulting in a nearly 100% probability for 
a single pad hit. Electrons are expected to produce 
about 35 photo-electrons which spread over at 
most 3 pads with the chance of a single-pad hit be- 
ing negligibly small. The relatively large pad size 
results also in a low granularity and therefore a low 
cost detector. In addition, since the photoelectrons 
produced by a single electron will be distributed 
between at most three pads, one can expect a pri- 
mary charge of at least 10 electrons/pad, allowing 
operation of the detector at a relatively moderate 
gain of a few times 10 3 . Figure 5 illustrates the 
arrangement of the detector where the emitted 
electron is reflected by the electric field and ampli- 
fied by the GEM layers which in return shields the 
Csl layer from photons produced in the avalanche. 

Both PHENIX and STAR plan to update their 
tracking and offset vertex reconstruction capabili- 
ties by new silicon vertex detectors. PHENIX fore- 
sees a 4 layer barrel section with pixels at r=2.5 and 
5.0 cm and stripixels [41] at r=10 and 14 cm, read 
out by the ALICElLHCb and the FNAL SVX4 
chip. In the forward direction 4 umbrella shaped 
silicon strip detectors will aid vertex reconstruc- 
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Table 2 

Upgrade plans for PHENIX and STAR and their relevance to the physics goals, X - upgrade critical for success, O - upgrade 
significantly enhances program 
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Fig. 5. Proposed triple GEM readout for the PHENIX Hadron Blind Detector 



tion and tracking for the muon arms. 

STAR has a two fold approach. Two layers of 
30x30 /im CMOS pixels at r=1.5 and 5.0 cm will re- 
construct offset vertices from heavy flavor decays. 
In a second step a 4 layer silicon detector combined 
with forward GEM tracking chambers will further 
enhance the track reconstruction for small x. 

To enhance their PID both experiments will in- 
stall multi step resistive plate chambers (MRPC) 
as TOF detectors. STAR has several years experi- 



ence with a small prototype and will complete the 
full barrel section in a few years. PHENIX will in- 
stall several modules of the same design in one of 
the central tracking arms. Single layer RPCs will 
also be used as trigger chambers for the PHENIX 
muon arms. 

In the very forward direction both experiments 
will install calorimeters for photon and ir° detec- 
tion. PHENIX plans to replace their Brass nose- 
cones with a Nose-Cone-Calorimeter (NCC) made 
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from Tungsten plates interleaved with Si pad de- 
tectors. STAR will install an array of Pb-glass with 
photomultiplier readout inside the RHIC tunnel. 

To cope with the high rates of the increased lumi- 
nosity STAR will replace their TPC readout cards 
with the ALICE design over the next few years 

4.3. R2D 

To take full advantage of the luminosity avail- 
able with RHIC II and to undertake detailed 
measurements of jets, heavy flavors and elec- 
tromagnetic probes over a large phase space 
(—3 < rj < 3,A0 = 2ir) , a comprehensive new 
detector, see Fig. 6, has been proposed [42]. Utiliz- 
ing a high magnetic field (1.5 T) excellent momen- 
tum resolution is foreseen up to px = 40 GeV/c 
and the combination of calorimctry, dE/dx, TOF, 
Aerogel Threshold Cherenkov and RICH counters 
will provide particle identification and lepton (e/h, 
7r/h) separation from 1 up to 20 GeV/c in pt- 
Even though this new detector would be superior 
to PHENIX and STAR separately, it does require 
a major investment. The physics reach beyond 
what can be achieved with the moderate upgrades 
of PHENIX and STAR would be the measure to 
justify its construction. 



5. Summary and Acknowledgment 

The first 5 years of RHIC operations have pro- 
duced a wealth of data giving new insights into the 
complex world of high energy nuclear collisions and 
first glimpse at the role the gluon plays in the pro- 
ton spin. More than a hundred publications and 
PhD thesis and two comprehensive summaries of 
the project itself and the physics of the first three 
years have been published. The accelerator has per- 
formed better than can be expected from a brand 
new machine and all the experiments have pro- 
vided the measurements they were designed for. 
R&D is ongoing at the experiments and accelera- 
tor to further push the luminosity and physics ca- 
pability of the RHIC complex. In the more distant 
future eRHIC will open new physic domains to be 
studied. 



The author would like to thank all funding agen- 
cies, the staff of all experiments, and the collider 
group for their professional support to make RHIC 
such a great success. 
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